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A B S T R A C T
Heavy metal pollution is related to the fall in European eel (Anguilla anguilla) populations. The Mar Menor
lagoon (SE Spain) is home to an endangered population of this species, which is still caught for human con-
sumption. The presence of Pb, Cd and Hg in the livers and muscles and the Se:Hg ratio in muscle of 150 eels from
this lagoon were determined. Pb concentrations were higher than those reported from other populations in the
world, while Cd and Hg concentrations in the tissues analysed were lower. In terms of food safety, Se con-
centrations play an important role in sequestering Hg in eels from this lagoon.
1. Introduction
Albeit in different ways, the Mar Menor lagoon and the European
eel (Anguilla anguilla) are both threatened. This coastal lagoon is re-
garded as one of the most ecologically rich ecosystems in the
Mediterranean Basin. It is included in the Ramsar Convention on
Wetlands, and is a Special Protected Area of Mediterranean Interest, a
Special Protected Area under the European Union (EU) Wild Birds
Directive, and a Site of Community Importance as part of the Natura
2000 Network (EU Habitats Directive). Despite these figures of pro-
tection, the Mar Menor is under huge anthropogenic pressure linked to
(i) hydrological change, (ii) mining activity, (iii) agrochemical runoff
from intensive agriculture in its watershed, and (iv) contaminants of
emerging concern (Jiménez-Martínez et al., 2016). Although the mining
activity in the nearby Cartagena-La Unión area ceased decades ago, the
discharge of metal-enriched waste continues to be the most important
source of heavy metal input into the lagoon. As an area of arid climate,
when torrential rains fall the mining waste remaining in upland areas
runs into the Mar Menor along the normally dry gullies. High metal and
metalloid contents in the Mar Menor have been reported from sedi-
ments (Conesa and Jiménez-Cárceles, 2007; Albaladejo et al., 2009;
María-Cervantes et al., 2009; Serrano et al., 2019), along with bioac-
cumulation in macrophytes (Sanchiz et al., 2000, 2001; Serrano et al.,
2019), certain filter feeders and invertebrates (Albaladejo et al., 2009),
and fish (De León et al., 1982; Marín-Guirao et al., 2008). The lagoon is
also vulnerable to eutrophication and in recent years there has been a
proliferation of phytoplankton, affecting benthic primary producers
and leading to oxygen depletion (Gimenez-Casalduero et al., 2017).
Recent environmental incidents have provoked massive mortality in
many fish and crustacean species.
European eels are likewise endangered. These migratory fish con-
duct an extraordinary 5000–6000-km journey to the Sargasso Sea in the
North Atlantic Ocean to spawn, from where their larvae travel all the
way back to Europe. However, in recent decades a drastic decline in the
number of juvenile eels in European waters has been reported (ICES/
EIFAC, 2003). The situation of eel stocks is so alarming that the species
is now listed as Critically Endangered on the IUCN's Red List (Jacoby
and Gollock, 2014) and, through European Eel Regulation EC No 1100/
2007 (Council Regulation, 2007) implemented with the help of the Eel
Management Plans, the European Union has established measures for
restoring eel stocks. Although a number of policies have been put into
practice since the entry into force of this regulation, European eel re-
cruitment remains low throughout its geographical range and its stock
status remains critical (ICES, 2018). A combination of different causes
such as climate change, overfishing, habitat degradation and the poor
quality of spawners (due to pollution and disease) are thought to be
responsible for this decline. It has also been suggested that the bioac-
cumulation of chemical substances including heavy metals may be
having an important impact on eel physiology. Pollutants can disturb
the immune, reproduction, nervous and endocrine systems, thereby
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negatively affecting cellular and organ functions at individual and even
population levels (see review in Geeraerts and Belpaire, 2010). In 2007,
a European Eel Quality Database was set up to gather information on
contaminants in eels from all over Europe (ICES, 2007), and aims to
provide a comprehensive overview of the quality of European eel po-
pulations, data that will be essential for eel management.
Thus, in light of the above, the levels of lead (Pb), cadmium (Cd)
and mercury (Hg), all known to be harmful heavy metals, in European
eels from the Mar Menor lagoon were investigated. On the other hand,
the dietary selenium (Se) status is highly related to Hg toxicity (Ralston
and Raymond, 2010), and the antagonist effect of Se on Hg is well
known since many years ago. The molar ratio Se:Hg may provide an
accurate index of risk from fish consumption, and the Selenium Health
Benefit Value (HBVSe, Ralston et al., 2016) has been recently considered
as a good instrument to better understand of the Se available that re-
mains after its interaction with Hg. Thus, due to the importance of
factors affecting public health, information regarding Se concentra-
tions, Se:Hg ratio and the HBVSe were also analysed.
2. Material and methods
2.1. Studied area
The Mar Menor is the largest saltwater lake in Europe (135 km2).
Located in the south-east of the Iberian Peninsula (37°38′ N, 0°42′ W), it
is separated from the Mediterranean Sea by a 24-km sand bar known as
La Manga, through which water exchange with the sea takes place via
natural openings. It is permanently hypersaline (41–47 g L−1) and
water temperatures oscillate approximately between 10 °C and 31 °C
(mean annual temperature 18 °C).
2.2. Sample collection
Yellow eels were caught by local fishermen using traditional gear in
October 2015–February 2017. After being anesthetized and then eu-
thanized with a lethal dose of tricaine methanesulfonate (MS222) at
100 mg L−1, the total length to the nearest millimetre and the total
weight to the nearest gram were obtained. Eels were then dissected to
obtain portions (0.2–0.5 g) of liver and muscle, which were then stored
at −20 °C until processed. Specific and consistent sections of muscle
were taken from 4 to 5 cm behind the anal cavity, and the livers were
weighted.
All fish were handled in accordance with EU regulations concerning
the protection of experimental animals (Directive 2010/63/UE). Pro-
tocols were approved by the Ethics Committee of the University of
Murcia) (permit number: No A13161101). All efforts were made to
minimize animal handling and stress.
2.3. Sex and development stage determination
Gonads of eels ranging from 26 to 80.4 cm of total length were
weighted before they were fixed in Bouin's fixative, embedded in par-
affin and slices of 5 μm thick were cut and stained with Hemotoxiline-
Eosine following routine methods. Sex and developmental stage were
assessed by histological examination of gonad tissue (Colombo and
Grandidr, 1996; Geffroy et al., 2013; Mazzeo et al., 2016).
2.4. Body condition
Scaled Mass Index (SMI) was calculated following Peig and Green
(2009). This index adjusts the mass of all specimens to that which they
would have at length L0, following the formula
=SMI Mi (L /Li)0 bsma
The process is the next: 1) it was realized a standardized major axis
(SMA) regression on ln-transformed total length (L) and weight (W)
data, lnW = lna + bols lnL, where bols = slope of the ordinary least
squares regression of body mass against total length and a is the in-
tercept of the regression; 2) the scaled index is calculated for each
specimen applying the formula SMIi = Mi (Lo/Li)bSMA, where Mi and Li
are the raw data for the i individual; bsma (the scaling exponent) is the
slope of the standardized major axis (SMA) regression on ln-trans-
formed total length and weight data, and is calculated as bSMA = bols/r,
where r = Pearson's correlation coefficient of SMA regression, and
L0 = mean length of the sample.
2.5. Age determination
Otoliths were processed following ICES (2009) guidelines and de-
scribed by Mayo-Hernández et al. (2015). Otoliths were removed,
cleaned, dried and the sagittal otoliths stored. Due to the fact that the
majority of the eels were of 5 years old, it was possible to read “in toto”,
that is by clearing all the otolith by immersion in glycerine, to increased
light penetration, and examined under a stereoscopic microscope (40×
magnification, Olympus BX41) with reflected light against a dark
background. Those readings that did not agree were repeated and if the
disagree continued, the otolith was rejected.
Following convention, the reference age date was set as 1 January
and so eels were age 0 in their year of arrival in continental waters. Age
was determined by two independent readers counting the otolith winter
rings (ICES, 2009) in the left ear.
2.6. Metal analysis
To determine Pb, Cd and Se content, liver and muscle samples were
analysed using inductively coupled plasma optical emission spectro-
metry (ICP-OES, ICAP 6500 Duo, Thermo Scientific, with One Fast
System). Previously, the samples were digested in special Teflon reac-
tion tubes with trace mineral-grade nitric acid and hydrogen peroxide
(69 and 33%, respectively, Suprapure, Merck) and heated for 20 min at
220 °C in a microwave digestion system (UltraClave-Microwave
Milestone®). Finally, the samples were diluted to 10 ml with double
deionised water (MilliQ). Two readings were taken for every sample;
the concentration values used in the analyses were the mean of the two
readings. To check for possible contamination, one blank sample for
every eleven samples was also analysed.
Multi-element calibration standards (SCP Science, in 4% nitric acid)
were prepared with specific concentrations of these elements and in-
termediate patterns of each were prepared. The calibration device was
established per batch, with a minimum of three points for every lot.
Each run started with the calibration standards, continued with samples
and intermediate patterns, and finished with the series with inter-
mediate patterns (10% variation coefficient). The wavelengths were
220.353 nm (Pb), 214.438 nm (Cd) and 196.090–203.985 (Se), and the
recovery rates for reference materials (Standard Reference Material
L577b) were 98.47% (Pb), 98.12% (Cd) and 103.93% (Se).
To determine the total Hg content, samples were analysed using an
atomic absorption spectrometer AMA254 Advanced Mercury Analyzer
(Leco) without sample pre-treatment or sample pre-concentration. The
recovery rate for reference materials (Mercury ICP Standard
1000 mg L−1 Hg, Merck) was 98.87%.
Inorganic element concentrations were expressed in micrograms per
gram in wet weight (μg g−1 ww). The detection limits (DL) were
0.001 μg g−1 (Pb, Cd and Se) and 0.003 μg g−1 (Hg).
2.7. Data analysis
The software R 3.4.4 (R Core Team 2018) was used to analyse the
data. For biometric data, age and inorganic element concentrations,
geometric medians and standard errors were obtained. In the chemical
analysis, data below the DL were expressed as half of this figure
(0.0005 μg g−1 for Pb, Cd and Se, and 0.0015 μg g−1 for Hg) in the
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statistical analysis. The Kolmogorov-Smirnov test was used to evaluate
the data distribution, and Mann-Whitney U, Kruskal-Wallis and
Spearman tests were used as nonparametric statistical methods. The
significance level for all tests was set as 0.05.
To facilitate the understanding of the biological accumulation, an










where Ci = the individual metal concentration of heavy metal i,
Cimax = the maximum observed concentration of heavy metal i, and
n = number of analysed metals. IMBI values were between 0 and 1.
In terms of food safety, the Se:Hg molar ratios and the Selenium
Health Benefit Value (HBVSe, Ralston et al., 2016) in muscle tissue were
calculated:
= × +HBV ([Se Hg]/Se) (Se Hg)Se
where Se and Hg are molar concentrations of these elements (μmole
kg−1). A positive value of HBVSe and a molar ratio of Se:Hg greater than
one are considered healthy (Ralston et al., 2016; Melgar et al., 2019).
3. Results
The biometric data, age and sex ratio of sampled European eels are
shown in Table 1. The percentage of the samples with values above the
instrumental detection limit (DL) are above 90% except Cd in muscle
(36%) and Hg in liver (86.7%). The detected concentrations of Pb, Cd,
Hg and Se in livers and muscles are given in Table 2. The order to
element concentrations were Se > Pb > Hg > Cd (muscle) and
Se > Pb > Cd > Hg (liver), and statistical differences among ele-
ments in both tissues were detected. Significant higher concentrations
of Pb, Cd and Se were detected in livers, although the highest Hg
concentrations was found in muscles.
Correlations between elements were low (or non-existent) in each
tissue (Table 3). Cd and Se were the elements with more inter-tissue
correlations, and the highest relationship was found between Cd and Pb
in liver (r = 0.468, p < .01). The tissue with less correlations between
elements was the muscle. Biometric data were correlated with Hg and
Se concentrations in both tissues, while Pb concentration only was
correlated with total length and weight in muscle, and Cd was not
correlated with these biometric data. The eel's total length showed a
moderate-to-high correlation with Hg and Se concentrations in muscle
and liver respectively, while weight showed a moderate-to-hight cor-
relation with Se concentration in liver. Regarding age, the highest
correlation was detected with Se concentration in liver, while moderate
and low correlations were observed between this parameter and Hg in
muscle and liver, respectively. No correlation between age and Cd
tissue concentrations was detected. Biometric measures had moderate-
to-high positive inter-correlations and with age (p < .01, Table 3). For
each element, the correlation between tissues was positive and sig-
nificant (p < .01) (Spearman correlation coefficient of 0.309, 0.411,
0.661 and 0.272 for Pb, Cd, Hg and Se, respectively).
IMBI geometric means (Pb, Cd and Hg) were 0.127 ± 0.007 (range
0.011–0.632) and 0.075 ± 0.007 (range 0.017–0.394) in liver and
muscle, respectively. A positive correlation (r = 0.214, p < .01) be-
tween IMBI in liver and age was observed. There was a positive re-
lationship between tissues (r = 0.397, p < .01). Statistical differences
between tissues were found.
In muscles, the Se and Hg molar concentrations (μmole kg−1) were
3.838 ± 0.240 and 0.041 ± 0.006, respectively, while the Se:Hg ratio
was 92.630 ± 18.999. Only 6.0% of eels had negative HBVSe values,
the geometric mean of the remaining samples being 5.776 ± 0.219.
4. Discussion
Recent studies have confirmed the presence of heavy metals such as
Pb, Cd and Hg in the sediment and other fish (gobids) and invertebrate
species of the Mar Menor lagoon (María-Cervantes et al., 2009;
Tsakovski et al., 2009).
In 1982, De León et al. reported high concentrations of Pb and Cd in
the muscles of several fish species including European eels (2.5 for Pb
and 1.1 μg g−1 for Cd, wet weight) in the Mar Menor lagoon. In recent
decades, many studies have also assessed the presence of heavy metals
in eels from European marine, brackish and freshwater environments
(Table 4). Data on contaminant levels in these studies have been re-
corded in the context of stock restoration, the Water Framework Di-
rective, human health issues and consumer protection. Generally
speaking, eels from this study had higher Pb, lower Hg and similar Cd
concentrations in their livers and muscles than eels from other Eur-
opean environments.
Although the order of heavy metal concentrations in a particular
tissue reported in previous studies does not show a defined pattern, a
predominance of Hg concentrations in muscle can be observed
(Table 4). In this tissue, Pb concentrations were higher than those re-
ported for Cd in eels from several Spanish environments (Sánchez et al.,
1998; Bordajandi et al., 2003; Usero et al., 2003; Ureña et al., 2007)
and as well as in other European ecosystems (e.g. Genç and Yilmaz,
2017 in Turkey). Regarding liver, the order observed in the present
study is in line with those reported in Spain (Usero et al., 2003) and
Turkey (Genç and Yilmaz, 2017), while other studies showed higher
(Linde et al., 2001, in Spain; Yildiz et al., 2010 in Turkey) or similar
(Has-Schön et al., 2006 and 2008) Cd concentration than those reported
for Pb. Regarding the bioaccumulation of a particular heavy metal in
different tissues, most of the previous studies (Table 4) described higher
Pb and Cd concentrations in liver than those found in muscle. This trend
is also observed for Hg bioaccumulation, although a higher Hg con-
centration in muscle compared to liver has been reported in three works
(Has-Schön et al., 2006 and 2008; Eira et al., 2009). In Spain, only from
two locations (from an oil station on the river Ferrerias and from PbeZn
mines on the river Urumea) has metal pollution ever been reported with
similar (Linde et al., 2004) or higher Pb (Sánchez et al., 1998)
Table 1
Descriptive statistics of biometric data and age (geometric mean, stan-
dard error and range) and sex ratio (number and percentage) in European
eels from the Mar Menor lagoon (Spain).
Age (years) 3.4 ± 0.1 (1−10)
Weight (g) 256.9 ± 17.0 (32.0–1024.0)
Total length (mm) 546.0 ± 9.2 (296.0–804.0)
SMI 0.23 ± 0.01 (0.05–0.65)




Not recorded 14 (9.3)
SMI: Scaled mass index.
Table 2
Concentrations of Pb, Cd, Hg and Se (geometric mean ± Standard error,
minimum and maximum, μg g−1 wet weight) in livers and muscles of European
eels from the Mar Menor lagoon (Spain).
Muscle Liver
Pb 0.093 ± 0.016 (nd-1.434) 1.500 ± 0.100 (nd-7.976)
Cd 0.002 ± 0.001 (nd-0.047) 0.039 ± 0.005 (nd-0.458)
Hg 0.008 ± 0.001 (nd-0.177) 0.006 ± 0.001 (nd-0.155)
Se 0.303 ± 0.019 (nd-1.544) 4.999 ± 0.339 (nd-18.168)
nd = not detected.
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concentrations to those found in this study (only four samples were
analysed from the river Urumea). Higher Pb concentrations have been
reported in eel muscles from La Camargue (France), a Biosphere Re-
serve (Oliveira Ribeiro et al., 2005) and Köyceğiz Lak (Turkey) (Genç
and Yilmaz, 2017), the latter an area under intense pressure from
tourism-related activities. Muscle Pb concentrations in other fish spe-
cies from the Mar Menor have been analysed (De León et al., 1982;
Benedicto et al., 2007; Marín-Guirao et al., 2008; Sánchez-Bassols,
2008), most of which were higher than those found in the present
study.
A significant but low negative relationship between muscle Pb
concentrations and biometric data was detected; on the other hand, a
positive relationship between age and liver concentrations was noted
(Table 3). The relationship between total length and trace element
concentrations (existence or type of relationship) has been reported to
vary according to tissue, trace element and species (e.g. Al-Yousuf et al.,
2000; Ayas and Köşker, 2018; Canli and Atli, 2003; Szefer et al., 2003;
Yeltekin and Oğuz, 2018; Yi and Zhang, 2012). However, specifically,
the decrease in Pb concentrations in muscles with an increase in fish
total length and/or weight has been identified in species such as Mola
mola (Baptista et al., 2019) and Atherina hepsetus (Canli and Atli, 2003).
In contrast to our results, Farkas et al. (2000) reported an increase in Pb
concentrations in livers with eel weight. According Baptista et al.
(2019), several biological and ecological factors, such as growth rate or
an ontogenetic shift in dietary preferences could explain the lack of a
general pattern in the elemental body dynamics of trace elements.
These latter authors report that whole body growth could be accom-
panied by an increase in liver volume, which would explain the non-
observed changes in liver metal concentrations in M. mola in relation to
total length. In our study, although a close correlation between body
and hepatic weight was detected (r = 0.947), no relationship between
liver Pb concentrations and total length nor total weight in eels from
Mar Menor lagoon could be identified.
Concentrations of Cd in muscles were intermediate compared to
previously reported data (Table 4); liver concentrations, however, were
lower than those reported in the majority of studies. Cd concentrations
in the muscles of eels from the Mar Menor were found to be lower than
those previously reported in eels and other species from this site (De
León et al., 1982; Benedicto et al., 2007) but similar to levels found by
other studies (Marín-Guirao et al., 2008; Sánchez-Bassols, 2008). Cd as
a pollutant is included on the priority list of hazardous substances
(ATSDR, 2014; US EPA, 2014). Although Cd emissions into the en-
vironment were high for many years, they seem to have decreased since
1980 due to increased regulation and the implementation of efficient
at-source capture and recycling techniques (Cullen and Maldonado,
2013). According to Marín-Guirao et al. (2007), only 14% of Cd in the
Mar Menor penetrates in particulate form due to ‘salinity shock’,
compared to 98% of Pb. Although the dissolved Cd is rapidly eliminated
from the water column at neutral pH and high salinity levels (Marín-
Guirao et al., 2007), particulate forms (Pb) may be transported further
and may accumulate in high concentrations in the sediments over a
wider area. This could explain the differences between the amounts of
these metals found in eel tissues in our study.
No correlation was observed between hepatic or muscular Cd con-
centrations and biometric data in eels from the Mar Menor. To date,
positive (Esteve et al., 2012; Farkas et al., 2000) and negative (Amilhat
et al., 2014; Noël et al., 2013; Ureña et al., 2007) correlations, as well as
no correlation (Barak and Mason, 1990; Batty, 1996; Genç and Yilmaz,
2017; Maes et al., 2005; Rudovica and Bartkevics, 2015; Tabouret et al.,
2011), have been reported in eels from other ecosystems without fol-
lowing any specific pattern.
On the other hand, a moderate relationship between Cd and Pb
concentrations in eel liver tissue was found (Table 3). A common source
of both elements could be inferred since these elements were the main
metals produced by the mining activities that once took place near the
lagoon (De León et al., 1982; Marín-Guirao et al., 2005).
Hg pollution is a very important problem in marine environments
(Gworek et al., 2016). The results of this study showed lower Hg con-
centrations than those reported in many Mediterranean fish species
(Llull et al., 2017) and lower than those previously reported in eels
from a number of European locations (Table 4), but similar con-
centrations to those reported by Usero et al. (2003) in eels from the
Atlantic coast of Spain. The visceral distribution observed in this study
agreed with that previously reported in fish, that is, higher in muscles
than in livers (Golovanova, 2008).
Hg biomagnification is known to occur in marine and freshwater
food chain webs (Campbell et al., 2003). A moderately close relation-
ship between muscle Hg concentrations and both age and biometric
data was observed, being this correlation lower in the liver (Table 3).
According Ourgaud et al. (2018), Hg accumulation depends on several
factors such as its levels in the trophic chain, and fish age and total
length. Eels are predators and scavengers, and their diets change with
total length and age; throughout their lifetimes they feed on a wide
range of organisms, from insect larvae, amphipods and isopods, to fish
(Arias and Drake, 1985), although the trophic divergence associated
with anatomic dimorphism could also affect the accumulation of pol-
lutants (De Meyer et al., 2018). However, our results (relationship be-
tween total length and Hg hepatic concentrations) agree with those
reported by Esteve et al. (2012) in eels from La Albufera (Valencia,
Spain).
On the other hand, the relationship between Hg and Cd in livers was
low, while there was no correlation with Pb in either livers or muscles
(Table 3). Contradictory results regarding the relationship between
salinity and mercury bioaccumulation in biota exist in the literature
(Wang and Wang, 2010; Dutton and Fisher, 2011; Fry and Chumchal,
2012; Reinhart et al., 2018). The high salinity of the studied ecosystem
could explain our data.
Bervoets and Blust (2003) suggest that individual bioaccumulation
levels could provide a good estimate of the environmental quality of the
sediment and a measure of fish health condition. In fact, the IMBI has
been used by several authors of studies of European eels, who have
reported contradictory results. Maes et al. (2005) reported a negative
correlation between the IMBI (muscle) and condition index, while
Esteve et al. (2012) observed an increase in IMBI (liver) with total
Table 3
Spearman correlations between element concentrations (muscle/liver) and biometric parameters of European eels from the Mar Menor lagoon (Spain).
Cd Hg Se Total length Weight SMI Age
Pb 0.218⁎⁎/0.468⁎⁎ −0.061/0.085 −0.028/0.323⁎⁎ −0.208⁎/0.114 −0.189⁎/0.093 −0.101/−0.002 −0.128/0.217⁎⁎
Cd −0.113/0.167⁎ 0.161⁎/0.162⁎ −0.093/−0.037 −0.061/−0.065 −0.130/−0.079 −0.014/0.126
Hg 0.238⁎⁎/0.380⁎⁎ 0.575⁎⁎/0.338⁎⁎ 0.575⁎⁎/0.276⁎⁎ 0.459⁎⁎/0.359⁎⁎ 0.446⁎⁎/0.183⁎
Se 0.209⁎/0.784⁎⁎ 0.200⁎/0.778⁎⁎ 0.242⁎⁎/0.646⁎⁎ 0.121/0.688⁎⁎
Total Length 0.962⁎⁎ 0.577⁎⁎ 0.790⁎⁎
Weight 0.606⁎⁎ 0.830⁎⁎
SMI 0.444⁎⁎
⁎ Significant correlation at 0.05 level.
⁎⁎ Significant correlation at 0.01 level.
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length. On the other hand, Genç and Yilmaz (2017) reported higher
IMBI values in A. anguilla livers than in other species. In the present
study, no relationship was found between the IMBI and condition index
nor between IMBI and total length, although a low correlation in the
IMBI (liver)/age was detected. The bimodal distribution of the IMBI
values reported by Maes et al. (2005) was not detected (Fig. 1).
According ICES (2015), data from contaminant analysis could be
extremely useful for international assessment and inclusion in an in-
ternational database for food safety. In the Mar Menor lagoon, eels are
fished for human consumption. Although these are not consumed lo-
cally, eels are marketed on other Spanish areas. In terms of human
safety, the maximum safe level for Pb in fish flesh according to Eur-
opean legislation is 0.3 μg g−1 ww (Commission Regulation (EU) 2015/
1005). In this study, 20 specimens (13.3%) exceeded this concentration.
The eel weight without viscera is equivalent to 89.3–94.7% of the total
eel weight, so the consumption of one of these specimens supposes an
intake of until 575 μg of Pb. Regarding EFSA (2010), Pb is related with
cardiovascular effects, nephrotoxicity and developmental neurotoxi-
city, so Pb in the Mar Menor could be a risk to human safety by con-
sumption of the eels. On the other hand, the protective role of Se
against Pb is well known (Rastogi et al., 1976), but in the present study
no correlation between both elements in muscle was detected (Table 3).
The maximum permitted Cd level in eel flesh is 0.050 μg g−1 (ww)
(Commission Regulation (EU) N° 488/2014). In the Mar Menor in this
study, the maximum Cd concentration in eel flesh was 0.047 μg g−1;
indeed, only 54 fish (36.0%) had Cd above the detection limit
(0.001 μg g−1). Finally, muscular Hg concentrations were low (nd-
0.177 μg g−1, ww) in all sampled specimens and were below the
maximum permitted by the legislation (Commission Regulation (EU) N°
629/2008). Thus, a priori, there is no food risk of Cd and Hg con-
tamination when consuming eels from this place, but the risk by Pb
should be taken into account in the species management plans.
The natural antagonistic role of Se:Hg is well known (Ralston and
Raymond, 2010). In eels from the Mar Menor, tissue concentrations of
Se were higher than those of Cd, Pb and Hg (Table 2). In three of the
four previously published works reporting Se concentrations in Eur-
opean eels (Maes et al., 2005; Esteve et al., 2012; Rudovica and
Bartkevics, 2015), hepatic and muscular Se concentrations were similar
to those found in this study. Se concentrations in livers were closely
correlated to both biometric data and age (Table 3); however, the
correlation between Se and Hg concentrations was low. The geometric
mean of the ratio Se:Hg was higher than that reported recently in other
fish species (Johnson et al., 2018; Melgar et al., 2019), even though
nine of the specimens from the Mar Menor had ratios lower than 1:1
(which are regarded as insufficient to reduce the absorption of Hg in
humans, Ganther et al., 1972). On the other hand, an HBVSe value
above zero helps protect human health (Ralston et al., 2016). In the eels
sampled from the Mar Menor, 141 specimens had a positive HBVSe
value whose geometric median (5.776 ± 0.219) was lower than that
reported in tuna (Kaneko and Ralston, 2007; Ralston et al., 2016;
Ruelas-Inzunza et al., 2018; Melgar et al., 2019) but higher than for
sharks, swordfish, pilot whales (Kaneko and Ralston, 2007) and fresh-
water fish such as bluegill, crappie and largemouth bass (Johnson et al.,
2018). The nine specimens with negative HBVSe values were all eels
with Se:Hg ratios < 1:1. Nevertheless, five of these nine eels were
specimens with Se and Hg concentrations below the DL and so they
cannot be regarded as specimens with negative protection against Hg.
In conclusion, Pb concentrations in eels from the Mar Menor were
low compared to eels captured several decades ago in the same eco-
system but higher than those reported from other parts of the world.
Although Cd and Hg concentrations in the analysed tissues were low,
the IMBI values highlight the need for further monitoring of heavy
metals in European eels from the Mar Menor. The heavy metal of most
concern for human food safety is Pb; the Se content in the eels from the
Mar Menor confirms this element's ability to sequester Hg.
Funding information
This work was supported by “Programa de Apoyo a la Investigación
de la Fundación Séneca-Agencia de Ciencia y Tecnología de la Región
de Murcia” (grant 19,370/PI/14).
CRediT authorship contribution statement
Diego Romero:Conceptualization, Data curation, Formal ana-
lysis, Writing - original draft, Writing - review & editing. Elena
Barcala:Data curation, Formal analysis, Investigation, Writing - re-













Fig. 1. Level of heavy metal pollution (IMBI) in Anguilla anguilla from Mar Menor lagoon: a) Liver; b) Muscle.
D. Romero, et al. Marine Pollution Bulletin 158 (2020) 111368
7
review & editing. Pilar Muñoz:Conceptualization, Funding acquisi-
tion, Project administration, Resources, Supervision, Validation,
Writing - review & editing.
Declaration of competing interest
None.
References
Albaladejo, J.B., Marín-Guirao, L., Guerrero-Perez, J., 2009. Contaminación por metales y
compuestos organo-estannicos en el Mar Menor. In: El Mar Menor. Estado actual del
conocimiento científico. Fundación Instituto Euromediterráneo del Agua, Murcia,
Spain, pp. 359–398.
Al-Yousuf, M.H., El-Shahawi, M.S., Al-Ghais, S.M., 2000. Trace metals in liver, skin and
muscle of Lethrinus lentjan fish species in relation to body length and sex. Sci. Total
Environ. 256, 87e94. https://doi.org/10.1016/S0048-9697(99)00363-0.
Amilhat, E., Fazio, G., Simon, G., Manetti, M., Paris, S., Delahaut, L., Farrugio, H.,
Lecomte-Finiger, R., Sasal, P., Faliex, E., 2014. Silver European eels health in
Mediterranean habitats. Ecol Freshwr Fish 23, 49–64.
Arias, A.M., Drake, P., 1985. Estructura de la población y régimen alimentario de Anguilla
anguilla L., 1758 (Osteichthyes, Anguillidae), en los esteros de San Fernando (Cádiz).
Investig. Pesq. 49 (4), 475–491.
Arleny, I., Tabouret, H., Rodriguez-Gonzalez, P., Bareille, G., Donard, O.F., Amouroux, D.,
2007. Methylmercury bioconcentration in muscle tissue of the European eel (Anguilla
anguilla) from the Adour estuary (Bay of Biscay, France). Mar. Pollut. Bull. 54 (7),
1031–1036.
ATSDR, 2014. Agency for Toxic Substances and Disease Registry, Division of Toxicology
and Environmental Medicine Atlanta, GA 30333 (April 2014), support document to
the 2013 priority list of hazardous substances that will be the subject of toxicological
profiles. http://www.atsdr.cdc.gov/SPL/resources/ATSDR_2013_SPL_Support_
Document.pdf.
Ayas, D., Köşker, A.R., 2018. The effects of age and individual size on metal accumulation
of Lagocephalus sceleratus (Gmelin, 1789) from Mersin Bay, Turkey. Nat Eng Sci 3,
45e53. https://doi.org/10.28978/nesciences.379321.
Baptista, M., Azevedo, O., Figueiredo, C., Paula, J.R., Santos, M.T., Queiroz, N., Rosa, R.,
Raimundo, J., 2019. Body size and season influence elemental composition of tissues
in ocean sunfish Mola mola juveniles. Chemosphere 223, 714–722. https://doi.org/
10.1016/j.chemosphere.2019.02.061.
Barak, Na-E, Mason, C.F., 1990. A survey of heavy metal levels in eels (Anguilla anguilla)
from some Rivers in East Anglia, England: the use of eels as pollution indicators. Int.
Rev. Hydrobiol. 75 (6), 827–833.
Batty, J., 1996. Metal concentrations in eels Anguilla anguilla from the Camargue region of
France. Biol. Conserv. 76, 17–23.
Benedicto, J., Martínez-Gómez, C., Guerrero, J., Jornet, A., Del Árbol, J., 2007. Heavy
metal concentrations in red mullet (Mullus barbatus) from Iberian Peninsula coast
(North-western Mediterranean). In: Rapp Comm Int Mer Medit. 38. pp. 233.
Bervoets, L., Blust, R., 2003. Metal concentrations inwater, sediment and gudgeon (Gobio
gobio) from a pollution gradient: relationship with fish condition factor. Environ Poll
126 (1), 9–19.
Bordajandi, L.R., Gómez, G., Fernández, M.A., Abad, E., Rivera, J., González, M.J., 2003.
Study on PCBs, PCDD/Fs, organochlorine pesticides, heavy metals and arsenic con-
tent in freshwater fish species from the river Turia (Spain). Chemosphere 53 (2),
163–171.
Boscher, A., Gobert, S., Guignard, C., Ziebel, J., L’Hoste, L., Gutleb, A.C., Cauchie, H.M.,
Hoffmann, L., Schmidt, G., 2010. Chemical contaminants in fish species from rivers in
the north of Luxembourg: potential impact on the Eurasian otter (Lutra lutra).
Chemosphere 78 (7), 785–792. https://doi.org/10.1016/j.chemosphere.2009.12.
024.
Campbell, L.M., Osano, O., Hecky, R.E., Dixon, D.G., 2003. Mercury in fish from three rift
valley lakes (Turkana, Naivasha and Baringo), Kenya, East Africa. Environ. Pollut.
125 (2), 281–286.
Canli, M., Atli, G., 2003. The relationships between heavy metal (Cd, Cr, Cu, Fe, Pb, Zn)
levels and the size of six Mediterranean fish species. Environ. Pollut. 121 (1),
129–136.
Colombo, G., Grandidr, G., 1996. Histological study of the development and sex differ-
entiation of the gonad in the European eel. J. Fish Biol. 48 (3), 493–512. https://doi.
org/10.1111/j.1095-8649.1996.tb01443.x.
Commission Regulation (EC) N° 629/2008 Of 2 July 2008 amending Regulation (EC) No
1881/2006 setting maximum levels for certain contaminants in foodstuffs. Of. J. Eur.
Union L173, 6–9.
Commission Regulation (EU) 2015/1005 Of 25 June 2015 amending regulation (EC) N°
1881/2006 as regards maximum levels of lead in certain foodstuffs. Of. J. Eur. Union
L161, 9–13.
Commission Regulation (EU) N° 488/2014 Of 12 May 2014 amending Regulation (EC) No
1881/2006 as regards maximum levels of cadmium in foodstuffs. Of. J. Eur. Union
L138, 75–79.
Conesa, H.M., Jiménez-Cárceles, F.J., 2007. The Mar Menor lagoon (SE Spain): a singular
natural ecosystem threatened by human activities. Mar. Pollut. Bull. 54 (7), 839–849.
https://doi.org/10.1016/j.marpolbul.2007.05.007.
Council Regulation (EC) No 1100, 2007. Of 18 September 2007 establishing measures for
the recovery of the stock of European eel. Of. J. Eur. Union L248, 17–23.
Cullen, J.T., Maldonado, M.T., 2013. Biogeochemistry of cadmium and its release to the
environment. In: Sigel, A., Sigel, H., Sigel, R. (Eds.), Cadmium: From Toxicity to
Essentiality. 2. Springer, Netherlands, pp. 31–62.
De León, A.R., Guerrero, J., Faraco, F., 1982. Evolution of the Pollution of the Coastal
Lagoon of Mar Menor. VI Journées Étud Pollutions, Cannes, CIESM.
De Meyer, J., Belpaire, C., Boeckx, P., Bervoets, L., Covaci, A., Malarvannan, G., De Kegel,
B., Adriaens, D., 2018. Head shape disparity impacts pollutant accumulation in
European eel. Environ. Pollut. 240, 378–386. https://doi.org/10.1016/j.envpol.
2018.04.128.
Directive 2010/63/EU of the European Parliament and of the Council of 22 September
2010 On the protection of animals used for scientific purposes. Of. J. Eur. Union
L276, 33–79.
Durrieu, G., Maury-Brachet, R., Girardin, M., Rochard, E., Boudou, A., 2005.
Contamination by heavy metals (Cd, Zn, Cu, and Hg) of eight fish species in the
Gironde Estuary (France). Estuaries 28 (4), 581–591.
Dutton, J., Fisher, N.S., 2011. Salinity effects on the bioavailability of aqueous metals for
the estuarine killifish Fundulus heteroclitus. Environ. Toxicol. Chem. 30, 2107–2114.
https://doi.org/10.1002/etc.600.
Edwards, S.C., Macleod, C.L., Lester, J.N., 1999. Mercury contamination of the eel
(Anguilla anguilla) and roach (Rutilus rutilus) in East Anglia, UK. Environ. Monit.
Assess. 55, 371–387.
EFSA, 2010. Panel on contaminants in the food chain (CONTAM). Scientific opinion on
lead in food. EFSA J. 8 (4), 1570. https://doi.org/10.2903/j.efsa.2010.1570.
Available online. www.efsa.europa.eu.
Eira, C., Torres, J., Miquel, J., Vaqueiro, J., Soares, A.M., Vingada, J., 2009. Trace ele-
ment concentrations in Proteocephalus macrocephalus (Cestoda) and Anguillicola
crassus (Nematoda) in comparison to their fish host, Anguilla anguilla in Ria de Aveiro,
Portugal. Sci. Total Environ. 407 (2), 991–998. https://doi.org/10.1016/j.scitotenv.
2008.10.040.
Esteve, C., Alcaide, E., Ureña, R., 2012. The effect of metals on condition and pathologies
of European eel (Anguilla anguilla): in situ and laboratory experiments. Aquat.
Toxicol. 109, 176–184. https://doi.org/10.1016/j.aquatox.2011.10.002.
Farkas, A., Salánki, J., Varanka, I., 2000. Heavy metal concentrations in fish of Lake
Balaton. Lakes Reserv. Res. Manag. 5, 271–279.
Fry, B., Chumchal, M.M., 2012. Mercury bioaccumulation in estuarine food webs. Ecol.
Appl. 22, 606–623. https://doi.org/10.1890/11-0921.1.
Ganther, H.E., Goudie, C., Sunde, M.L., Kopecky, M.J., Wagner, P., Oh, S., Hoekstra, W.G.,
1972. Selenium: relation to decreased toxicity of methylmercury added to diets
containing tuna. Science 175, 1122–1124.
Geeraerts, C., Belpaire, C., 2010. The effects of contaminants in European eel: a review.
Ecotoxicology 19, 239–266.
Geffroy, B., Guiguen, Y., Fostier, A., Bardonnet, A., 2013. New insights regarding gonad
development in European eel: evidence for a direct ovarian differentiation. Fish
Physiol. Biochem. 39, 1129–1140. https://doi.org/10.1007/s10695-013-9769-7.
Genç, T.O., Yilmaz, F., 2017. Metal accumulations in water, sediment, crab (Callinectes
sapidus) and two fish species (Mugil cephalus and Anguilla anguilla) from the Köyceğiz
Lagoon System–Turkey: an index analysis approach. Bull. Environ. Contam. Toxicol.
99 (2), 173–181. https://doi.org/10.1007/s00128-017-2121-7.
Gimenez-Casalduero, M.F., Marcos-Diego, C., Oliva-Paterna, F.J., Pérez-Ruzafa, A.,
Robledano-Aymerich, F., Torralva-Forero, M.M., 2017. Ecología lagunar. In: Agua,
Consejería de (Ed.), Informe integral sobre el estado ecológico del Mar Menor.
Agricultura y Medio Ambiente. Comunidad Autónoma de la Región de Murcia,
Murcia, Spain, pp. 23–69.
Golovanova, I.L., 2008. Effects of heavy metals on the physiological and biochemical
status of fishes and aquatic invertebrates. Inland Water Biol 1 (1), 93–101.
Gworek, B., Bemowska-Kałabun, O., Kijeńska, M., Wrzosek-Jakubowska, J., 2016.
Mercury in marine and oceanic waters-a review. Water Air Soil Pollut. 227 (10), 371.
Has-Schön, E., Bogut, I., Strelec, I., 2006. Heavy metal profile in five fish species included
in human diet, domiciled in the end flow of river Neretva (Croatia). Arch. Environ.
Contam. Toxicol. 50, 545–551. https://doi.org/10.1007/s00244-005-0047-2.
Has-Schön, E., Bogut, I., Rajković, V., Bogut, S., Cacić, M., Horvatić, J., 2008. Heavy
metal distribution in tissues of six fish species included in human diet, inhabiting
freshwaters of the Nature Park “Hutovo Blato” (Bosnia and Herzegovina). Arch.
Environ. Contam. Toxicol. 54 (1), 75–83.
ICES, 2007. Report of the 2007 Session of the Joint EIFAC/ICES Working Group on Eels
(WGEEL), Bordeaux (France), 3–7 September 2007. ICES CM 2007/ACFM:23; EIFAC
Occasional Paper No. 39. ICES Advisory Committee on Ecosystems, pp. 163.
ICES, 2009. Workshop on Age Reading of European and American Eel (WKAREA). 20–24
April. Bordeaux. 48. ICES CM 2009\ACOM, France, pp. 66.
ICES, 2015. Report of the Workshop of a Planning Group on the Monitoring of Eel Quality
under the Subject “Development of Standardized and Harmonized Protocols for the
Estimation of Eel Quality” (WKPGMEQ), 20–22 January 2015, Brussels, Belgium. 14
ICES CM 2014/SSGEF (274 pp).
ICES, 2018. Report of the Joint EIFAAC/ICES/GFCM Working Group on Eels (WGEEL),
5–12 September 2018, Gdańsk, Poland. 15 ICES CM 2018/ACOM (152 pp).
ICES/EIFAC, 2003. Report of the ICES/EIFAC Working Group on Eels (WGEEL). ICES CM
2003/ACFM, 06, France, September, 2002.
Jacoby, D., Gollock, M., 2014. Anguilla anguilla. The IUCN Red List of Threatened Species
2014: E.T60344A45833138. https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.
T60344A45833138.en.
Jiménez-Martínez, J., Garcia-Arostegui, J.L., Hunink, J.E., Contreras, S., Baudron, P.,
Candela, L., 2016. The role of groundwater in highly human-modified hydrosystems:
a review of impacts and mitigation options in the Campo de Cartagena-Mar Menor
coastal plain (SE Spain). Environ. Rev. 24, 377–392. https://doi.org/10.1139/er-
2015-0089.
Johnson, T.K.B., LePrevost, C.E., Kwak, T.J., Cope, W.G., 2018. Selenium, mercury, and
D. Romero, et al. Marine Pollution Bulletin 158 (2020) 111368
8
their molar ratio in sportfish from drinking water reservoirs. Int. J. Environ. Res.
Public Health 15 (9). https://doi.org/10.3390/ijerph15091864. pii: E1864.
Kaneko, J.J., Ralston, N.V.C., 2007. Selenium and mercury in pelagic fish in the Central
North Pacific near Hawaii. Biol Trace Element Res 119 (3), 242–254.
Linde, A.R., Sánchez-Galán, S., Vallés-Mota, P., García-Vázquez, E., 2001.
Metallothionein as bioindicator of freshwater metal pollution: European eel and
brown trout. Ecotoxicol. Environ. Saf. 49 (1), 60–63.
Linde, A.R., Sanchez-Galan, S., Garcia-Vazquez, E., 2004. Heavy metal contamination of
European eel (Anguilla anguilla) and brown trout (Salmo trutta) caught in wild eco-
systems in Spain. J. Food Prot. 67 (10), 2332–2336.
Llull, R.M., Garí, M., Canals, M., Rey-Maquieira, T., Grimalt, J.O., 2017. Mercury con-
centrations in lean fish from the Western Mediterranean Sea: dietary exposure and
risk assessment in the population of the Balearic Islands. Environ. Res. 158, 16–23.
https://doi.org/10.1016/j.envres.2017.05.033.
Maes, G.E., Raeymaekers, J.A.M., Pampoulie, C., Seynaeve, A., Goemans, G., Belpaire, C.,
Volckaert, F.A.M., 2005. The catadromous European eel Anguilla anguilla (L.) as a
model for freshwater evolutionary ecotoxicology: relationship between heavy metal
bioaccumulation, condition and genetic variability. Aquat. Toxicol. 73, 99–114.
Maes, J., Belpaire, C., Goemans, G., 2008. Spatial variations and temporal trends between
1994 and 2005 in polychlorinated biphenyls, organochlorine pesticides and heavy
metals in European eel (Anguilla anguilla L.) in Flanders, Belgium. Environ. Pollut.
153 (1), 223–237.
Mancini, L., Caimi, S., Ciardullo, S., Zeiner, M., Bottoni, P., Tancioni, L., Cautadella, S.,
Caroli, S., 2005. A pilot study on the contents of selected pollutants in fish from the
Tiber River (Rome). Microchem. J. 79, 171–175.
María-Cervantes, A., Jimenez-Carceles, F.J., Alvarez-Rogel, J., 2009. As, Cd, Cu, Mn, Pb,
and Zn contents in sediments and mollusks (Hexaplex trunculus and Tapes decussatus)
from coastal zones of a Mediterranean lagoon (Mar Menor, SE Spain) affected by
mining wastes. Water Air Soil Pollut. 200, 289–304.
Marín-Guirao, L., Marín-Atucha, A., Lloret-Barba, J., Martínez López, E., García
Fernández, A.J., 2005. Effects of mining wastes on a seagrass ecosystem: metal ac-
cumulation and bioavailability, seagrass dynamics and associated community struc-
ture. Mar. Environ. Res. 60, 317–337.
Marín-Guirao, L., Lloret, J., Marín, A., García, G., García-Fernández, A.J., 2007. Pulse-
discharges of mining wastes into a coastal lagoon: water chemistry and toxicity.
Chem. Ecol. 23 (3), 217–231.
Marín-Guirao, L., Lloret, J., Marín, A., 2008. Carbon and nitrogen stable isotopes and
metal concentration in food webs from a mining-impacted coastal lagoon. Sci. Total
Environ. 393, 118–130.
Mayo-Hernández, E., Serrano, E., Peñalver, J., García-Ayala, A., Ruiz De Ybáñez, R.,
Muñoz, P., 2015. The European eel may tolerate multiple infections at a low biolo-
gical cost. Parasitology 142 (7), 968–977. https://doi.org/10.1017/
S0031182015000098.
Mazzeo, I., Giorgini, E., Gioacchini, G., Maradonna, F., Vílchez, M.C., Baloche, S., Dufour,
S., Pérez, L., Carnevali, O., Asturiano, J.F., 2016. A comparison of techniques for
studying oogenesis in the European eel Anguilla anguilla. J. Fish Biol. 89 (4),
2055–2069. https://doi.org/10.1111/jfb.13103.
Melgar, M.J., Núñez, R., García, M.A., 2019. Selenium intake from tuna in Galicia (Spain):
health risk assessment and protective role against exposure to mercury and inorganic
arsenic. Sci. Total Environ. 694, 133716.
Neto, A.F., Passos, D., Costa, J.L., Costa, M.J., Caçador, I., Pereira, M.E., Duarte, A.C.,
Pacheco, M., Domingos, I., 2011. Metal concentrations in the liver of the European
eel, Anguilla anguilla, in estuaries and coastal lagoons of Portugal. Vie Milieu 61 (3),
167–177.
Noël, L., Chekri, R., Millour, S., Merlo, M., Leblanc, J.C., Guérin, T., 2013. Distribution
and relationships of As, Cd, Pb and Hg in freshwater fish from five French fishing
areas. Chemosphere 90 (6), 1900–1910. https://doi.org/10.1016/j.chemosphere.
2012.10.015.
Oliveira Ribeiro, C.A., Vollaire, Y., Sanchez-Chardi, A., Roche, H., 2005. Bioaccumulation
and the effects of organochlorine pesticides, PAH and heavy metals in the eel
(Anguilla anguilla) at the Camargue Nature Reserve, France. Aquat. Toxicol. 74 (1),
53–69.
Ourgaud, M., Ruitton, S., Bourgogne, H., Bustamante, P., Churlaud, C., Guillou, G.,
Lebreton, B., Harmelin-Vivien, M.L., 2018. Trace elements in a Mediterranean scor-
paenid fish: bioaccumulation processes and spatial variations. Prog. Oceanogr. 163,
184–195.
Palikova, M., Baruš, V., 2003. Mercury content in Anguillicola crassus (Nematoda) and its
host Anguilla anguilla. Acta Vet Brno 72, 289–294.
Peig, J., Green, A.J., 2009. New perspectives for estimating body condition from mass/
length data: the scaled mass index as an alternative method. Oikos 118, 1883–1891.
https://doi.org/10.1111/j.1600-0706.2009.17643.x.
Pérez-Cid, B., Boia, C., Pombo, L., Rebelo, E., 2001. Determination of trace metals in fish
species of the Ria de Aveiro (Portugal) by electrothermal atomic absorption
spectrometry. Food Chem. 75, 93–100.
Ralston, N.V., Raymond, L.J., 2010. Dietary selenium’s protective effects against me-
thylmercury toxicity. Toxicology 278 (1), 112–123. https://doi.org/10.1016/j.tox.
2010.06.004.
Ralston, N.V.C., Ralston, C.R., Raymond, L.J., 2016. Selenium health benefit values:
updated criteria for mercury risk assessments. Biol. Trace Elem. Res. 171, 262–269.
Rastogi, S.C., Clausen, J., Srivastava, K.C., 1976. Selenium and Lead: mutual detoxifying
effects. Toxicology 6 (3), 377–388.
R Core Team, 2018. R: A Language and Environment for Statistical Computing. Vienna,
Vienna. https://www.R-project.org.
Reinhart, B.L., Kidd, K.A., Curry, R.A., O’Driscoll, N.J., Pavey, S.A., 2018. Mercury
bioaccumulation in aquatic biota along a salinity gradient in the Saint John estuary.
J. Environ. Sci. 68, 41–54. https://doi.org/10.1016/j.jes.2018.02.024.
Rudovica, V., Bartkevics, V., 2015. Chemical elements in the muscle tissues of European
eel (Anguilla anguilla) from selected lakes in Latvia. Environ. Monit. Assess. 187 (10),
608. https://doi.org/10.1007/s10661-015-4832-8.
Ruelas-Inzunza, J., Šlejkovec, Z., Mazej, D., Fajon, V., Horvat, M., Ramos-Osuna, M.,
2018. Bioaccumulation of As, Hg, and Se in tunas Thunnus albacares and Katsuwonus
pelamis from the eastern Pacific: tissue distribution and As speciation. Environ. Sci.
Pollut. Res. 25, 19499–19509.
Sánchez, J., Marino, N., Vaquero, M.C., Ansorena, J., Legórburu, I., 1998. Metal pollution
by old lead-zinc mines in Urumea River Valley (Basque Country, Spain). Soil, biota
and sediment. Water Air Soil Pollut. 107, 303–319.
Sánchez-Bassols, M., 2008. Estudi de la morbilitat i biodisponibilitat de polluents en la
zona minera del camp de Cartagena. Tesis Doctoral. Universitat de Girona.
Sanchiz, C., García-Carrascosa, A.M., Pastor, A., 2000. Heavy metal contents in soft-
bottom marine macrophytes and sediments along the Meditearrean coast of Spain.
Mar. Ecol. 21 (1), 1–16. https://doi.org/10.1046/j.1439-0485.2000.00642.x.
Sanchiz, C., García-Carrascosa, A.M., Pastor, A., 2001. Relationships between sediment
physico-chemical characteristics and heavy metal bioaccumulation in Mediterranean
soft-bottom macrophytes. Aquat. Bot. 69, 63–73. https://doi.org/10.1016/S0304-
3770(00)00120-0.
Serrano, R., Gras, L., Giménez-Casalduero, F., Del-Pilar-Ruso, Y., Grindlay, G., Mora, J.,
2019. The role of Cymodocea nodosa on the dynamics of trace elements in different
marine environmental compartments at the Mar Menor Lagoon (Spain). Mar. Pollut.
Bull. 141, 52–60. https://doi.org/10.1016/j.marpolbul.2019.02.019.
Storelli, M.M., Barone, G., Garofalo, R., Marcotrigiano, G.O., 2007. Metals and organo-
chlorine compounds in eel (Anguilla anguilla) from the Lesina lagoon, Adriatic Sea
(Italy). Food Chem. 100, 1337–1341.
Szefer, P., Domagała-Wieloszewska, M., Warzocha, J., Garbacik-Wesołowska, A.,
Ciesielski, T., 2003. Distribution and relationships of mercury, lead, cadmium, copper
and zinc in perch (Perca fluviatilis) from the Pomeranian Bay and Szczecin Lagoon,
southern Baltic. Food Chem. 81, 73e83. https://doi.org/10.1016/S0308-8146(02)
00380-1.
Tabouret, H., Bareille, G., Mestrot, A., Caill-Milly, N., Budzinski, H., Peluhet, L., Prouzet,
P., Donard, O.F., 2011. Heavy metals and organochlorinated compounds in the
European eel (Anguilla anguilla) from the Adour estuary and associated wetlands
(France). J. Environ. Monit. 13 (5), 1446–1456. https://doi.org/10.1039/
c0em00684j.
Tsakovski, S., Kudłak, B., Simeonov, V., Wolska, L., García, G., Namieśnik, J., 2009.
Relationship between heavy metal distribution in sediment samples and their eco-
toxicity by the use of the Hasse diagram technique. Anal. Chim. Acta 719, 16–23.
Ureña, R., Peri, S., del Ramo, J., Torreblanca, A., 2007. Metal and metallothionein con-
tent in tissues from wild and farmed Anguilla anguilla at commercial size. Environ. Int.
33 (4), 532–539.
US EPA, 2014. United States Environmental Protection Agency, list of priority pollutants.
http://water.epa.gov/scitech/methods/cwa/pollutants.cfm.
Usero, J., Izquierdo, C., Morillo, J., Gracia, I., 2003. Heavy metals in fish (Solea vulgaris,
Anguilla anguilla and Liza aurata) from salt marshes on the southern Atlantic coast of
Spain. Environ. Int. 29 (7), 949–956.
Wang, R., Wang, W.X., 2010. Importance of speciation in understanding mercury
bioaccumulation in tilapia controlled by salinity and dissolved organic matter.
Environ Sci Technol 44, 7964–7969. https://doi.org/10.1021/es1011274.
Yeltekin, A.Ç., Oğuz, A.R., 2018. Some macro and trace elements in various tissues of Van
fish variations according to gender and weight. Arq Bras Med Veterinária e Zootec 70,
231e237. https://doi.org/10.1590/1678-4162-9668.
Yi, Y.J., Zhang, S.H., 2012. The relationships between fish heavy metal concentrations
and fish size in the upper and middle reach of Yangtze River. Procedia Environ. Sci.
13, 1699e1707. https://doi.org/10.1016/j.proenv.2012.01.163.
Yildiz, S., Gurcu, B., Koca, Y.B., Koca, S., 2010. Histopathological and genotoxic effects of
pollution on Anguilla anguilla in the Gediz River (Turkey). J Animal Vet Adv 9 (23),
2890–2899.
D. Romero, et al. Marine Pollution Bulletin 158 (2020) 111368
9
